PROCEEDINGS OF UNIVERSITIES. APPLIED CHEMISTRY AND BIOTECHNOLOGY 2020 Vol. 10 No. 2
U3BECTUA BY30B. NTPUKITAQHAA XUMWUA U BUOTEXHOJIONA 2020 Tom 10 N 2

Original article / OpurnHanbHas ctaTbs
YOK 541.49; 542.06
DOI: https://doi.org/10.21285/2227-2925-2020-10-2-180-187

Synthesis and structure of sodium
1-alkoxy-1,4-dioxo-2-alkenolates and bis-(4-alkyl(aryl)-
1-oxo0-1-alkoxyalkane-2,4-dionato) metals (Il)

based on them

© Elena A. Kunavina*, Sergey A. Peshkov*, Aybek Yu. Iskandarov**

*Orenburg State University, Orenburg, Russian Federation
**Tashkent State Pedagogical University, Tashkent, Uzbekistan

Abstract: A priority task in contemporary organic chemistry consists in the synthesis of practically useful
metal complexes having carbonyl-containing ligands. The present article details the isolation of several new
bis-(4-alkyl(aryl)-1-oxo-1-alkoxyalkane-2,4-dionato) metals (ll) via complex formation of metal salts of (zinc
(1), copper (II) and nickel (1)) with sodium 1-alkoxy-1,4-dioxo-2-alkenolates obtained by condensation of al-
kyl (aryl) methyl ketones with dialkyl oxalates in the presence of sodium or sodium hydride as a condensing
reagent. The structure of the synthesised sodium oxoenolates and metal complexes was confirmed by spec-
tral analysis methods (IR, NMR *H-, NMR 13C—spectroscopy and mass spectrometry). In the IR spectra of the
solid samples of the isolated compounds, stretching vibrations bands of ester carbonyl groups were identi-
fied, as well as high-intensity ether bands due to the vibrations of C-O-C bonds. For compounds containing
aromatic fragments, bands corresponding to vibrations of monosubstituted benzene rings were found in the
IR spectra. The NMR spectra of 'H of sodium oxoenolates and metal complexes recorded in DMSO-dg
demonstrated characteristic signals of ethoxy and n-butoxy fragments, methine protons, as well as protons
of aromatic rings. Chemical shifts of carbon atoms in the NMR spectra 3¢ of sodium oxoenolates cor-
respond well to the reference values. In the mass spectra of synthesised compounds recorded in elec-
trospray mode, signals of protonated and cationised molecules were observed [M+H]", [M+NH,]", [M+Na]",
[M+K]". Using quantum chemical methods, the models of the obtained compounds were constructed along
with a calculation of the formation energies and dissociation constants. Optimisation of the geometric pa-
rameters of the equilibrium states of sodium oxoenolate and metal complexes was carried out using the fol-
lowing two methods: density functional theory (DFT) and self-consistent field (SCF). The relative formation
energies indicate high stability of the synthesised substances, while, according to the data obtained, copper
complexes are characterised by greater stability in the gas phase as compared to zinc and nickel.
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Pestome: CuHme3 rpakmuyecku 3Ha4YUMbIX MemaioKOMIIEKCO8 ¢ KapboHurcodepxxawumu nueaHoamu
sernsemcsi npuopumemHol 3adavel COBPeMEHHOU opaaHu4eckoli xumuu. KomnnekcoobpasosaHuem
1-ankokcu-1,4-0uoKco-2-arKkeHoIamo8 Hampusi, Nosy4YeHHbIX KoHOeHcayuel ankusa(apusia)MemusikemoHos ¢
Quarnkusiokcanamamu 8 fpucymcmeuu 8 Kadecmee KOHOEHCUpPYyruwe20 peazeHma Hampusi unu eudpuda
Hampusi, ¢ conamu memarnos (uunka(ll), medu(ll) u Hukens(ll)) ebideneHbl Hoebie 6uc-(4-ankun(apusm)-1-
oKco-1-ankokcuarnkaH-2,4-0uoHamo)memarnbi(ll). CmpoeHue CUHMe3UpPoB8aHHbIX OKCOEHOMSAMO8 Hampusi
U MemasisioKoMIiekcog8 nodmeepxO0eHo criekmparsbHbiMU Memodamu aHanusa (MK-, SAMP 'H-,
SAMP 13C-crleKmpocmnuu u macc-criekmpomempuu). B UK-cnekmpax meepdbix 06pa3yos ebidesieHHbIX
coeduHeHul obHapy>XeHbl MOI0Ckl 8aneHMHbIX KornebaHul CHOXHOIUPHbIX KapOOHUIbHbIX Py, a makx-
XK€ 3GhUpHbIE MO0CHI 8bICOKOU UHMEHcUusHocmMu, 0bycrioeneHHble kKonebaHusmu cessel C-O-C. [ns co-
elOuHeHul, codepxawux apomamuyeckue paemeHmsl 8 MIK-cnekmpax, HalideHbl Mosiockl, omeeyarujue
KonebaHusM MOHO3aMeuw,eHHbIX beH30MbHbIX Koney. B cnekmpax SMP 'H okcoeHonsimos Hampusi u me-
marnno-koMmnmnekcos, 3anucaHHbix 6 [JMCO-dg, npucymcmeyrom Krnaccudeckue cueHasbl 3MmoKcu- U
H-6ymokKcugpasMeHmMo8, MemuHO8bIX MPOMOHO8, @ MakKXxe MPOMOHO8 apoMamuyecKux Koneu. Xumuye-
cKue cosuau yanepodHbix amomos 8 criekmpax SIMP 3¢ okoeHonsimos Hampusi XOpowo cornocmasuMbl CO
CrpasoYHbIMU 3Ha4YeHUsIMU. B macc-crnekmpax cuHme3uposaHHbIX COeOUHEHUU, 3apeaucmpupoBaHHbIX 8
pexume anekmpopacrbineHusi, Habrodaromces cuaHarslbl MPOMOHUPOBAHHbBIX U KamuOHUPOBaHHbIX MOEKY
[M+H]", [M+NH,]", [M+Na]", [M+K]". C ucnonb3oeaHuem K8aHMOBO-XUMUYECKUX MEmMOoA08 MOCMpOeHs! MO-
denu rnosyyYeHHbIX CoOeOUHeHUl U paccyumaHbl 3Hepauu obpasosaHusi U KOoHcmaHmbl duccoyuayuu. Onmu-
Mu3sayusi 2eoMempu4YecKux fnapamempo8 pasHOBECHbIX COCMOSHUU OKCOEHOJMIAMOo8 Hampusi U Memario-
Komriniekcoe npoussedeHa 8 pamkax 0syx memodos: meopuu ¢yHkyuoHana niomHocmu (DFT) u camoco-
enacoeaHHo20 nosns (SCF). OmHocumernbHble 8enuYUHbI d3Hepauli 0bpa3ogaHusi ceudemesibCmeayom o 8bl-
CcoKoli cmabunbHOCMU CUHME3UPOB8aHHbIX 8EULECMS, MNPU 3MOM, CO2/1aCHO M01y4YeHHbIM OaHHbIM, bonbwel
ycmou4queocmbio 8 2a3080U ¢hase xapakmepu3yromcsi MeOHbIE KOMITIEKCHI.

Knro4deenie crioea: 0KCOEHOMSIMbI Hampus, MemarsiJlIOKOMI1/1eKCbl, CUHMe3, cneKmpaanbIEI aHarsnus

Uupopmauyuss o cmamee: [Jama nocmynneHus 23 sHeaps 2020 e.; 0ama npuHamus K nedamu 29 mas
2020 e.; dama oHnatiH-pasmeuieHus 30 utoHs1 2020 a.

Ana yumupoeaHusi: KyHaBsuHa E.A., MNMewkoB C.A., ckaHgapoB A.KO. CuHTe3 n ctpoeHue 1-ankokcu-1,4-
OMOKCO-2-ankeHonaToB HaTtpua u  6uc-(4-ankun(apwn)-1-okco-1-ankokcnankaH-2,4-anoHato)metannos(ll)
Ha nx ocHoBe. M3gecmusi 8y3o8. lNpuknadHas xumus u 6uomexHonoaus. 2020. T. 10. N 2. C. 180-187.
https://doi.org/10.21285/2227-2925-2020-10-2-180-187

INTRODUCTION 50-100 ml of benzene or toluene. The reagent

The chemistry of metal complexes is an ex-
tensive and rapidly developing field due to the
multifunctionality and practical significance of
these materials. Among the interesting properties
of metal-complex compounds are included biolog-
ical, pharmacological, photochemical and photo-
physical attributes [1-15]. Additional some metal
complexes have been successfully used in the
development of novel nanoscale structures [16].
Among metal complexes having organic ligands,
the least studied are those based on polycarbonyl
systems with conjugated a- and B-dioxo links. In
order to expand the number of available metal
complexes having carbonyl-containing ligands,
the present study set out to synthesise new repre-
sentative compounds and evaluate their stability
using quantum chemical methods.

EXPERIMENTAL

Synthesis of 4-alkyl(aryl)-1-alkoxy-1,4-dioxo-
2-sodium alkenolates (1). General procedure.
0.58 g (25 mmol) of sodium was gradually added
with stirring to a mixture of 25 mmol of the corre-
sponding methyl ketones (3-methylbutanone-2 or
acetophenone), 25 mmol of dialkyl oxalates
(di-n-butyloxalate  or diethyl oxalate) and

mixture was boiled for 1.5-2 h (TLC control) in a
round bottom flask with reflux condenser. Follow-
ing evaporation of solvent, the obtained oxoeno-
lates were washed with ether.

1-Butoxy-5-methyl-1,4-dioxo-2-hexene-2-so-
dium-olate (7a). Yield 84 %, melting point (tmer) —
118-122 °C. IR spectrum, v, cm™: 2959 vy (CHy),
2931 v, (CH,), 1698 (C'=0), 1625 (C*=0, C=C),
1379 & (CHs3), 1267 v (C-O-C) 951, 770 & (CH).
NMR spectrum *H, §, ppm (DMSO-dg): 0,91 t (3H,
O(CH2)sCHs, Juy 7,7 Hz), 0,98 d (6H, (CH3).CH),
1,35 m (2H, OCH,CH,CH,CH3), 1,60 m (2H,
OCH,CH,CH,CH,), 2,40 m (1H, (CHs),CH), 4,05 t
(4H, 20CH,CH,CH,CH3, Juy 7,2 Hz), 5,65 s (1H,
CH). NMR spectrum B¢, &, ppm (DMSO-dg): 13,5
(OCH,CH,CH,CHj3), 18,6 (OCH,CH,CH,CH;), 19,8
(CH3),CH), 20,0 (OCH,CH,CH,CH,3), 30,1 (CH;),CH),
63,7 (OCH,CH,CH,CHj3), 93,6 (CH), 167,0 (CONa),
168,7 (COOC4Hy), 199,4 ((CH3),CHCO). Mass spec-
trum (ESI-TOF), m/z (I 1,%): 237.1099 (62) [M+H]",
259.0914 (47) [M+Na]+. Calculated: for C;;H;50,Na —
237.1097; for C;1H;,04Na,_259.0917.

Sodium 1,4-dioxo-4-phenyl-1-ethoxy-2-buten-
2-olate (1b). Yield — 85 %, tner — 156—160 °C. IR
spectrum, v, cm™ 3060 v (C-H, Ar), 2979 vy
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(CHa3), 2929 v,s (CHy), 2871 vs (CH,), 1687 v
(C'=0), 1623 v (C*=0), 1575 v (C=C), 1505 v
(C=C, Ar), 1390, 1364 5 (CHz), 1231 v (C-O-C),
1097 6 (CH, Ar), 950-753 (CH). NMR spectrum H,
8, ppm (DMSO-dg): 1.26 t (3H, COOCH,CH 3, J wy
7.4 Hz), 4.17 q (2H, COOCH ,CH3, J gy 7.4 Hz),
6.42 s (1H, CH), 7.29-7.51 m (3H, C* H, C* H,
C°H in CgHs), 7.82 d (2H, C* H, C®H in CgHs).
NMR spectrum °C, 8, ppm (DMSO-dg): 14,0
(OQHZCH32, 60,3 (OCH,CHs;), 92,0 (CH), 126,4
(C* and C” in CeHs), 128,1 (C* and C° in CgHs),
129,8 (C* in CgHs), 142,2 (C' in CgHs), 167,2
(CONa), 170,6 (COOC,Hs), 185,4 (CgHsCO).
Mass spectrum (ESI-TOF), m/z (1 o, %): 243.0624
(38) [M+H]", 265.0443 (82) [M+Na]". Calculated:
for Ci,H1,04Na — 243.0628; for CioHi104Na, —
265.0447.

Synthesis of bis-(4-alkyl(aryl)-1-oxo-1-alko-
xyalkane-2,4-dionato)-metals (ll) (2a—2e). General
procedure. A solution of 1.0 mmol (0.18 g) zinc
acetate, 1.0 mmol (0.18 g) of copper acetate or
1.0 mmol (0.24 g) of nickel chloride hexahydrate
in 30-50 ml of water was added with stirring to a
solution of 2.0 mmol of sodium 4-alkyl(aryl)-1-
alkoxy-1,4-dioxo-2-alkenolates (1a or 1b) in
30-50 ml of water for preparation of compounds
2a and 2d, 2b and 2e, 2c and 2f, correspondingly.
After 30 minutes, the as-formed precipitate was
filtered off and recrystallised from ethanol. The
yields were not optimised.

Bis-(1-butoxy-5-methyl-1-oxohexane-2,4-dio-
nato) zinc (II) (2a). Yield — 47 %, tnexr —
102-104 °C. IR spectrum, v, cM™: 2959 v, (CH3),
2933 v,s (CH,), 1725 v (COOC,Hs), 1599 v (C=C),
1455 8,5 (CH3), 1267 v (C-O-C), 822, 781 5 (CH).
NMR spectrum H, s, ppm (DMSO-dg): 0,91 t (6H,
2COOCH,CHj3, Jyy 7,6 Hz), 0,98 d (12H, 2(CH5),CH,
Jun 7.7 HZ), 1,35 m (4H, 2OCH2CH2CH20H3), 1,59 m
(4H, 20CH,CH,CH,CHs), 2,40 m (1H, (CH3),CH),
4,06 t (2H, OCH,CH,CH,CHa3, Juy 7,2 Hz), 5,64 s
(2H, 2CH). Mass spectrum (ESI-TOF), m/z (I o, %):
491.1616 (34) [M+H]', 508.1887 (38) [M+NH,]",
513.1436 (64) [M+Na]". Calculated: for CpHss0sZn" —
491.1618; for C,Hz0sNZn® — 508.1883; for
CyH3,0gNazn"— 513.1437.

Bis-(1-butoxy-5-methyl-1-oxohexane-2,4-dio-
nato) copper (II) (2b). Yield — 38 %, tyer —
190-192 °C. IR spectrum, v, cm™: 2961 v, (CH3),
2934 v, (CHy), 1722 v (COOC,Hs), 1582 v (C=C),
1456 8,5 (CH3), 1317 v (C-O-C), 823, 796 & (CH).
Mass spectrum (ESI-TOF), m/z (I ¢, %): 512.1443
(46) [M+Na]", 528.1182 (34) [M+K]". Calculated:
for C22H3408NaCu+ - 5121442, for C22H3408KCU+
—528.1181.

Bis-(1-butoxy-5-methyl-1-oxohexane-2,4-dio-
nato) nickel (1) (2c). Yield — 34 %, tper — 98—100
°C. IR spectrum, v, cm™: 2958 Vas (CH3), 2933 v,
(CH,), 1724 v (COOC;Hs), 1598 v (C=C), 1454 &
(CH3), 1269 v (C-0O-C), 843, 777 & (CH). Mass
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spectrum (ESI-TOF), m/z (I o, %): 485.1682 (65)
[M+H]", 507.1498 (32) [M+Na]’. Calculated: for
CaH3sOgNi* — 485.1680; for CyHzOgNaNi™ —
507.1499.

Bis-(1-oxo0-4-phenyl-1-ethoxybutane-2,4-dio-
nato) zinc (I) (2d). Yield 43%, tmer — 130—131 °C.
IR spectrum, v, cm™ 2971 vus (CHj), 1726 v
(COOS;Hs), 1597, 1575 v (C=C), 1519, 1464 v
(C=C, Ar), 1429 8,5 (CH3), 1274 v (C-O-C), 1170
Bplanar (CH,lAr), 770, 752 Bnon-pianar (CH, Ar). NMR
spectrum “H, 5, ppm (DMSO-d¢): 1,27 t (6H,
2COOCH2CH3, ‘JHH 7,4 HZ), 4,18 q (4H,
2COOCH,CHgz, Jyy 7,4 Hz), 6,42 s (2H, 2CH),
7,24-7,52 m (6H, C°H, C*H, C°H in 2C¢Hs), 7,82
d (4H, C*H, C°H in 2Cg¢Hs). Mass spectrum (ESI-
TOF), m/z (I ,%): 503.0678 (80) [M+H]",
520.0945 (53) [M+NH,]*, 525.0497 (100) [M+Na]",
541.0235 (22) [M+K]". Calculated: for
C24H2308Zn" — 503.0679; for CoyyHs0sNZn™ —
520.0944; for CyHx»0gNazn® — 525.0498; for
Cu4H,,06KZN" — 541.0238.

Bis-(1-oxo0-4-phenyl-1-ethoxybutane-2,4-dio-
nato) copper (l) (2e). Yield — 42 %, tmex —
125-127 °C. IR spectrum, v, cm™: 2976 vas (CH3),
1728 v (COOC,Hs), 1592 v (C=C), 1564, 1514,
1456 v (C=C, Ar), 1434 8,5 (CH3), 1272 v (C-O-C),
1142 §pjanar (CH, Ar), 769, 743 Snon pianar (CH, Ar).
Mass spectrum (ESI-TOF), m/z (I ,¢,%): 502.0685
(22) [M+H]", 519.0948 (98) [M+NH,]", 524.0503
(100) [M+Na]*, 540.0243 (48) [M+K]". Calculated:
for CpqH»305Cu’ — 502.0683; for CysHs0sNCU' —
519.0949; for CyH»0gNaCu® — 524.0503; for
C24H22C)8KCUJr —540.0242.

Bis-(1-oxo0-4-phenyl-1-ethoxybutane-2,4-dio-
nato) nickel (Il) (2f).Yield — 38 %, tnex —
140-143 °C. IR spectrum, v, cm™: 2954 Vas (CH3),
1729 v (COOC,Hs), 1595, 1572 v (C=C), 1519,
1456 v (C=C, Ar), 1422 .5 (CH3), 1269 v (C-O-C),
1146 Bpjanar (CH, Ar), 771, 745 Snon-pianar (CH, Ar).
Mass spectrum (ESI-TOF), m/z (I ,,%): 497.0745
(56) [M+H]", 519.0561 (42) [M+Na]". Calculated:
for CyoyH30Ni™ — 497.0741; for CyyH,,0gNaNi™ —
519.0560.

IR spectra of compounds 1a, 1b were rec-
orded on a Bruker Alpha FTIR spectrometer;
ATR mode, ZnSe crystal IR spectra of compounds
2a-2e were recorded on a Vertex 70 IR Fou-
rier spectrometer (Bruker, Germany): range -
400-4000 cm™, resolution — 2 cm™, number of
scans of the background and sample — 32, ATR
mode, diamond crystal. NMR spectra'H of the
compounds 1a, 1b, 2a and 2d and NMR 13C of
the compounds 1a and 1b in DMSO-dg were ob-
tained using NMR Fourier spectrometer Bruker
AVANCE Il (400 MHz), internal standard -
TMS. Mass spectra of the compounds 1, 2 were
recorded on a quadrupole-time-of-flight ultra-high-
resolution mass spectrometer Orbitrap Elite, Mi-
croTof Bruker Daltonics. Positive ions were de-
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tected in the electrospray ionisation (ESI) mode.
Samples dissolved in DMSO diluted with acetoni-
trile or methanol were injected with a syringe
pump at a flow rate of 240 pl/h.

The individuality of the obtained substances
was confirmed by TLC on Silufol UV-254 plates in
the benzene—ether—acetone (10:9:1) system or
acetone—hexane (2:3) system; the chroma-
tograms were stained using iodine vapour. The
initial reagents were purified by distillation before
use.

The optimisation of the geometric parameters
of the equilibrium states of sodium oxoenolate and
metal complexes was carried out using the follo-
wing two methods: density functional theory (DFT)
and self-consistent field (SCF). When calculating
using the SCF method, the aug-cc-pVDZ basis
was used, while the DFT method used the
PBE/DZP approximation. Accounting for solvents
was carried out according to the PCM model, in
the case of compounds la, 1b — benzene and
water, for compounds 2a—-2f — water. The relative
formation energies of the structures 2a-2f were
calculated using the following equations

AG°(E) = G°(E)(MeX) — G°(E)(Me?*") + G°(E)(2X):;

Na (NaH)

AGO(E) = GO(E)Zpr — GO(E)reaq [17].

The calculations were performed in the Fire-
Fly 8.1 software package.

RESULTS AND DISCUSSION

The condensation of alkyl(aryl)methyl-keto-
nes(3-methylbutanone-2 and acetophenone) with
dialkyl oxalates (diethyl oxalate and di-n-butyl-
oxalate) in the presence of sodium or sodium hy-
dride in benzene or toluene at a ratio of the star-
ting reagents 1:1:1 yielded sodium 1-alkoxy-1,4-
dioxo-2-alkenolates (1) (Fig. 1).

New bis-(4-alkyl(aryl)-1-oxo-1-alkoxyalkane -
2,4-dionato)-metals (llI) (2) were synthesised by
complex formation of sodium oxoenolates (1) with
salts of zinc (Il), copper (II) and nickel (I) in an
aqueous medium with the initial ratio of reagents
of 2:1 (Fig. 2).

The structure of the obtained sodium oxoeno-
lates (1) and metal (II) complexes (2) based on
them was confirmed by means of IR, NMR'H-,
NMR'®H-spectroscopy, as well as mass spec-
trometry*?.

0 o

R Me  AlkO ~

\ﬂ/ + OAK ——————> a OAIK
1:1:1 H H

o o}

- EtOH o o©

R =i-Pr (1a), Ph (1b); Alk = n-Bu (1a), Et (1b)

Fig. 1. Scheme of the synthesis of 1-alkoxy-1,4-dioxo-2-sodium alkenolates (1)

Puc. 1. Cxema cuHme3sa 1-ankokcu-1,4-0uokco-2-ankeHosnssmoe Hampusi (1)

o)
R
OAlk
o ]
O o
R + Met2+ N 7/
OAlk  ————= Met
o O - Na* o o
Na AlKO
1 R
o)

R =i-Pr (2a, 2b, 2c), Ph (2d, 2e, 2f); Alk = n-Bu (2a, 2b, 2¢), Et (2d, 2e, 2f)
Met = Zn (Il) (2a, d), Cu () (2b, €), Ni () (2c, f)

Fig. 2. Scheme of synthesis of bis-[4-alkyl(aryl)-1-0x0-1-alkoxyalkane-2,4-dionato] metals (Il) (2)

Puc. 2. Cxema cuhme3sa 6uc-(4-ankusn(apusi)-1-okco-1-ankokcuasnkaH-2,4-ouoHamo)memasnos(ll) (2)

'Pretsch E, Biihimann P, Affolter C. Structure Determination of Organic Compounds. Tables of spectral da-
ta (translated from English by B.N. Tarasevich). Moscow: Mir; BINOM. Laboratorya Znanii, 2006. 438 p.
“Silverstein R, Webster F, Kiemle D. Spectrometric identification of organic compounds (translated from
English by N.M. Sergeev, B.N. Tarasevich). Moscow: BINOM. Laboratorya Znanii, 2012. 557 p.
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IR spectra of solid samples of sodium
1-alkoxy-1,4-dioxo-2-alkenolates (1) and bis-(4-
alkyl(aryl)-1-oxo-1-alkoxyalkane-2,4-dionato) me-
tals (Il) (2) are characterised by the presence of a
bright stretching band of the ester carbonyl group in
the region of 1698-1687 cm™ (for compounds 1a
and 1b) and 172—1722 cm™ (for compounds
2a-2f). The bands in the region of 1597-1456 cm™®
are due to vibrations of monosubstituted aromatic
rings (for compounds 1b and 2d-2f). The high-
frequency ether band arising due to vibrations
of the C-O-C fragment appears in the region of
1267-1231 cm™ (for compounds 1a and 1b) and
1317-1267 cm™ (for compounds 2a—2f).

In the NMR spectra of *H sodium oxoenolates
(1a and 1b) and zinc complexes (2a and 2d) re-
corded in DMSO-dg, the characteristic ethoxy frag-
ments signals are observed for 1b and 2d) and
n-butoxy fragments signals (for compounds 1la and
2a). Methine protons are identified by singlet sig-
nals in the region of 5.65-6.42 ppm. Proton signals
of the monosubstituted aromatic rings for com-
pounds 1b and 2d with phenyl fragments were re-
corded in the range 7.24-7.82 ppm.

The NMR spectra of *C sodium oxoenolates
(1a and 1b) recorded in DMSO-dg, contain signals
of alkyl carbon atoms in the range 13.5-30.1 ppm.
The signals of aromatic carbon atoms (for com-
pound 1b) were recorded in the region of
126.4-142.2 ppm. Carbon atoms of carbonyl

groups of ester fragments were detected at 168.7
(for n -butoxycarbonyl group of compound 1a) and
170.6 (for ethoxycarbonyl group of compound 1b).

In the mass spectra of synthesised com-
pounds recorded in the electrospray mode, signals
of protonated and cationised molecules are ob-
served [M+H]", [M+NH,]", [M+Na]" [M+K]".

In order to study the stability of the synthe-
sised compounds, quantum-chemical calculations
of their formation energies were carried out (Tab-
le 1). The calculations demon-strate the best con-
vergence under the HF / aug-cc-pVDZ approxima-
tion. The solvation effects were considered only in
the PBE / DZP approximation; in view of the com-
plexity of the calculation, the solvation correction
for the aug-cc-pVDZ basis was not considered in
the SCF method. According to the obtained data,
copper complexes have the greatest stability in the
gas phase out of all the complexes tested. In ge-
neral, according to the relative values of the for-
mation energies, all compounds are stable, and
metal complexes (2) are characterised by greater
stability compared to sodium oxoenolates (1).

The values of the theoretically calculated dis-
sociation constants of the obtained compounds are
provided in Table 2. The obtained values indicate
that zinc complexes (2a, 2d) possess the highest
electrolytic dissociation capacity of all obtained
metal complexes, while the compounds 1a, 1b are
relatively similar in terms of electrolyte strength.

Table 1

Absolute (E°, GO) and relative (AE, AG) formation energies of compounds 1a, 1b, 2a-2f

Tabnuya 1

A6comomHbie (E°, G°) u omHocumenbHbie (AE, AG) aHepauu o6pa3oeaHusi

coeduHeHul 1a, 1b, 2a-2f

Compound . HF / aug-cc-pVDZ . PBE / DZP . PBE / DZP + PCM
E", Hartree AE, kJ/mol G, Hartree AE, kJ/mol G", Hartree AE, kJ/mol
1a -887,923168 -143,3 -891,566532 -161,5 -891,584457 -137,6
1b -922,301360 -145,2 -926,104389 -157,3 -926,125552 -139,0
2a -3229,962850 -1315,8 -3237,721356 -1435,8 -3237,765320 -79,6
2b -3091,107386 -1354,0 -3098,915975 -1556,8 -3098,947774 -922,5
2c -2959,021762 -1270,8 -2966,768176 -1509,1 -2966,787241 -384,2
2d -3298,717676 -1311,7 -3306,801958 -1448,6 -3306,847853 -80,5
2e -3159,861688 -1348,6 -3167,994962 -1565,4 -3168,030201 -923,1
2f -3027,776747 -1267,1 -3035,849309 -1523,3 -3035,872814 -393,1
Table 2
Dissociation constants of compounds
1a, 1b, 2a, 2c, 2d, 2f
Tabnuya 2
KoHcmaHmbi duccoyuayuu coeduHeHul
1a, 1b, 2a, 2c, 2d, 2f
Compound PBE / DZP + PCM
Stage | Stage Il
1a 9,510 -
1b 4,510 -
2a 1,710 1,410
2c 7,310 6,0-10%
2d 8,0.10* 7,910%
2f 1,410 1,410%
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CONCLUSIONS

During the study, potentially valuable sodium
1-alkoxy-1,4-dioxo-2-alkenolates and complexes
of zinc (Il), copper (Il) and nickel (Il) with carbonyl-
containing ligands were successfully synthesised.

Their structure was established using IR, NMR
'H-, NMR *C-spectroscopy and high-resolution
mass spectrometry methods. Quantum-chemical
calculations of the formation energies and disso-
ciation constants were carried out.
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